; on behalf of the ACTORDS Study Group abstract BACKGROUND: Treatment of women at risk for preterm birth with repeat doses of glucocorticoids reduces neonatal morbidity but could have adverse long-term effects on cardiometabolic health in offspring. We assessed whether exposure to repeat antenatal betamethasone increased risk factors for later cardiometabolic disease in children whose mothers participated in the Australasian Collaborative Trial of Repeat Doses of Corticosteroids.
WHAT'S KNOWN ON THIS SUBJECT:
Administration of repeat doses of antenatal glucocorticoids to women at risk for preterm birth after an initial course reduces neonatal morbidity, without affecting rates of neurologic disability in early childhood. However, data on long-term effects on cardiometabolic health are limited.
WHAT THIS STUDY ADDS:
Exposure to repeat doses of antenatal betamethasone did not increase cardiovascular risk factors at early school age. Clinicians wishing to use repeat antenatal glucocorticoids can be reassured that the risk of future cardiometabolic disease from this therapy is low.
Antenatal glucocorticoid therapy is 1 of the few interventions for women at risk for preterm birth that has proven benefit for infants, including reduced neonatal mortality and major morbidity. 1 We have previously shown in the Australasian Collaborative Trial of Repeat Doses of Corticosteroids (ACTORDS) that administration of repeat doses of betamethasone to woman at risk for very preterm birth $7 days after an initial course of glucocorticoids results in additional neonatal benefit, including reductions in the incidence and severity of neonatal lung disease, clinically significant patent ductus arteriosus, and combined serious infant morbidity. 2 A systematic review of 10 randomized trials comparing single and repeat courses of antenatal glucocorticoids has supported these findings. 3 Despite these benefits, use of repeat doses of glucocorticoids remains controversial, largely because of limited data regarding long-term safety. An important concern is whether fetal exposure to excess glucocorticoids could induce permanent changes in metabolic and cardiovascular function that would predispose to adult diseases such as hypertension, coronary artery disease, stroke, and type 2 diabetes. 4, 5 Although exposure to a single course of antenatal glucocorticoids has not been associated with an increased incidence of these conditions, at least up to early adulthood, 6, 7 several animal studies have demonstrated a dose-dependent effect of antenatal glucocorticoids on physiologic risk factors for disease, such as insulin sensitivity, glucose tolerance, and blood pressure. [8] [9] [10] Therefore, we tested the hypothesis that exposure to repeat dose(s) of antenatal betamethasone could lead to permanent changes in offspring body composition, insulin and glucose metabolism, ambulatory blood pressure, and renal function that would increase the risk of later cardiovascular and metabolic disease.
METHODS
We undertook extended follow-up of children whose mothers participated in the ACTORDS placebo-controlled randomized trial of repeat antenatal betamethasone treatment. 2 Although infants in the original trial had been followed to 2 years' corrected age, we recognized that longer-term follow-up would be important because of concerns about later adverse effects. [11] [12] [13] [14] Therefore, a follow-up study of children at early school age was planned to assess long-term neurologic function, growth, lung function, blood pressure, general intellectual ability, specific cognitive skills, behavior, general health, and health-related quality of life. These results will be reported separately. At the same time, we planned a parallel study, reported here, and which for logistic reasons could be performed only in New Zealand, to investigate the longterm effects of repeat antenatal betamethasone treatment on risk factors for cardiovascular and metabolic disease.
The ACTORDS trial (ISRCTN 48656428) has been reported previously. 2, 11 Briefly, women with single, twin, or triplet pregnancy at ,32 weeks' gestation were eligible if they had received a course of antenatal glucocorticoids $7 days previously and were judged to have ongoing risk of preterm birth. Women were excluded if they were in the second stage of labor, had chorioamnionitis needing urgent delivery, had mature lung development, or if further glucocorticoid therapy was judged to be essential. A central telephone randomization service was used to assign women to a single intramuscular injection of either Celestone Chronodose, containing 7.8 mg betamethasone sodium phosphate and 6 mg betamethasone acetate (Schering-Plough, Sydney, Australia) or a saline placebo. The allocated treatment could be repeated each week a woman remained undelivered and was considered by her responsible clinician to be at risk for preterm birth in the next 7 days, up to 32 weeks' gestation. All women, clinicians, and investigators were blinded to treatment allocation. A total of 982 women (1146 fetuses; New Zealand 290 women and 352 fetuses) were enrolled across 23 participating centers in Australia and New Zealand between 1998 and 2004.
Infants exposed to repeat betamethasone compared with placebo had clinically significant reductions in the incidence of respiratory distress syndrome, severe neonatal lung disease, and combined serious neonatal morbidity. 2 At 2 years' corrected age, the treatment groups did not differ in survival free of major disability, body size, behavioral scores, developmental indices, and the incidence of cerebral palsy, neurosensory disability, or asthma. 11 Early School-Age Cardiovascular Risk Factors Study All children residing in New Zealand who were recruited to the ACTORDS early school-age follow-up study were invited to participate in this parallel study of cardiovascular and metabolic risk factors. Children with severe intellectual disability who could not assent to testing were excluded. Assessments were conducted throughout New Zealand by a single team of investigators who were blinded to treatment allocation. Written informed consent was obtained from caregivers, and assent was sought from the children. Ethical approval was obtained from the New Zealand Multicentre Ethics Committee.
Weight was determined to the nearest 100 g using an electronic scale and height to the nearest 1 mm by fixed wall or spirit level stadiometer. Puberty was defined as Tanner breast stage $2 in girls or testicular volume $4 mL in boys. Body composition was measured by whole-body dual energy x-ray absorptiometry (DXA), with regions of interest, including abdomen (android) and thigh (gynoid), determined using computer generated and manually confirmed default lines on an anterior view planogram. DXA was restricted to 2 main centers (Auckland and Christchurch) so that all measurements could be performed on identical instruments (Lunar Prodigy, GE Healthcare, Madison, WI) using the same pediatric software (Encore, version 8, GE Healthcare).
Insulin sensitivity was calculated with Bergman's minimal model (MinMod version 6.02) using the glucose and insulin values obtained during a 90-minute frequently sampled intravenous glucose test (0.3 g/kg dextrose bolus), modified with insulin (0.015 IU/kg at 20 minutes). 15 Plasma insulin concentrations were measured by using a microparticle enzyme immunoassay on an AxSYM analyzer (Abbott, Abbot Park, IL), and plasma glucose concentrations were measured by using a Roche glucose oxidase colorimetric assay (Indianapolis, IN) on a Hitachi 902 autoanalyzer (Ibaraki, Japan). Fasting glucose and insulin concentrations were determined as the mean of 3 baseline samples over a 20-minute resting phase. Other calculated indices of insulin and glucose metabolism included glucose effectiveness (a minimal model parameter that reflects the ability of glucose to stimulate its own uptake independently of insulin), acute insulin release (first phase insulin secretion calculated as the area under the insulin curve from 0 to 10 minutes), and the glucose disappearance constant (a measure of glucose disposal calculated as the slope of the linear least-square regression line to the logarithm of the glucose curve from 10 to 19 minutes). 16 Ambulatory blood pressure and heart rate were measured over a 24-hour period on the nondominant arm using Spacelabs 90217 monitors (Issaquah, WA; reporting software version 2.0.9). Recordings were obtained every 30 minutes during the daytime and at 30-to 60-minute intervals overnight. Diurnal mean values were determined based on the child's own sleep-wake cycle. In addition, sex-and height-specific z scores were calculated from central European reference data 17, 18 for the fixed-clock intervals of 8:00 to 20:00 and 24:00 to 06:00, using the LMS method. 19 Children with ,7 daytime or ,7 nighttime blood pressure measurements were excluded from analysis.
In children who underwent the intravenous glucose tolerance test, baseline plasma creatinine concentration was measured by using the Roche creatinine plus assay on a Hitachi 902 auto-analyzer. Glomerular filtration rate was estimated after adjustment for height using a prediction equation based on the iohexol plasma disappearance technique. 20 Statistical analyses were performed by using SAS JMP (version 8.0.2, SAS Institute, Cary, NC). Outcomes for children whose mothers were randomized to repeat antenatal betamethasone were compared with those whose mothers were randomized to placebo using linear mixed-effects regression, with inclusion of a random effect to account for the nonindependence of children from multiple pregnancy. Treatment effects are reported as the mean difference (MD) for normally distributed data or the ratio of geometric means (RGM) for positively skewed data, both with a 95% confidence interval (CI). If the 95% CI for RGM includes 1, there is no significant difference between groups. Adjustment was made for potential confounders including gestational age at trial entry and ethnicity and antepartum hemorrhage and preterm prelabor rupture of membranes, which showed imbalance in the original trial cohort. 2 Body composition data were adjusted for height to account for body size, and comparisons of fat mass were also adjusted for lean mass because this may be a more metabolically relevant measure of adiposity. 21 We estimated that if 276 children were followed up, the study would have 80% power to detect differences between groups in normally distributed outcomes of 0.34 SDs (2-tailed a = .05).
RESULTS
Of the 328 surviving children from the ACTORDS trial presumed to be residing in New Zealand at 6 to 8 years' corrected age, 258 (81% of eligible children) underwent $1 of the physiologic investigations ( Figure 1 ). Seven children could not be traced, 2 remained overseas during the period of study, 8 were not eligible for study because of severe disability, and 53 declined investigation (32 repeat betamethasone group, 21 placebo group). Children recruited to the Cardiovascular Risk Factors Study were more likely to have had respiratory distress syndrome than those not studied (Table 1) . However, there were no significant differences in other neonatal morbidities, demographic, or maternal and obstetric characteristics between children who did or did not participate in the Cardiovascular Risk Factors Study (Table 1) .
Of the 258 children in the study, there were no significant differences in baseline demographic, maternal, or obstetric factors between those whose mothers were randomized to repeat doses of antenatal betamethasone or placebo ( Table 1 ). The effect of repeat antenatal betamethasone treatment on primary neonatal respiratory outcomes was similar to that seen in the main trial (Table 1) . 2 Fat mass did not differ between treatment groups, both for the whole body (RGM 0.96, 95% CI 0.76 to 1.20) and regions of interest (gynoid RGM 0.97, 95% CI 0.81 to 1.17; android RGM 0.94, 95% CI 0.72 to 1.21). Furthermore, adjustment for height and lean mass did not affect the results (Table 2) . Similarly, treatment groups had similar whole body lean mass (RGM 0.97, 95% CI 0.91 to 1.04) and limb lean mass (RGM 0.98, 95% CI 0.91 to 1.07), including when adjusted for height (Table 2) .
Insulin sensitivity was similar in both groups (RGM 0.89, 95% CI 0.74 to 1.08), as was glucose effectiveness, acute insulin release, glucose tolerance (glucose disappearance constant), and fasting plasma glucose and insulin concentrations (Table 3) . Five children in the repeat betamethasone group (6%) and 8 in the placebo group (8%) had a parent with type 2 diabetes.
Ten children in each group were excluded from the ambulatory blood pressure analysis because of an inadequate number of recordings. Of those who successfully completed the ambulatory monitoring, the mean number (SD) of recordings was similar in those exposed to repeat antenatal betamethasone and those exposed to placebo: daytime 17.0 (0.6) versus 16.3 (0.6), P = .41; nighttime 12.7 (0.3) versus 13.3 (0.3), P = . 16 . Mean blood pressure and heart rate for the 24-hour, daytime and nighttime periods were almost identical in the 2 treatment groups with mean differences of #1 mm Hg or #1 beats per minute (Table 4) . Diurnal dipping of blood pressure and height-specific diurnal z scores for blood pressure and heart rate were also similar between groups (Table 4 ).
Children exposed to repeat antenatal betamethasone and those exposed to placebo had similar plasma creatinine concentration (MD 20.6 mmol/L, 95% CI -2.2 to 1.0) and estimated glomerular filtration rate (MD 1.1 mL/min/1.73 m 2 , 95% CI 23.4 to 5.6) ( Table 4) .
In sensitivity analysis, exclusion of children with onset of puberty or chronic illness did not alter the results. Similarly, the effect of treatment on insulin sensitivity was not affected by exclusion of children with a parent with type 2 diabetes (RGM 0
Because of concern about the possibility of dose-dependent effects, 10, 22 in a post hoc analysis, we explored whether the effect of repeat antenatal betamethasone treatment on cardiovascular risk factors was influenced by the number of repeat doses. However, there was no evidence of an interaction between treatment effect and the number of maternal trial treatments (test of interaction: whole body fat mass P = .64, insulin sensitivity P = .80, 24-hour ambulatory systolic blood pressure P = .76, 24-hour ambulatory diastolic blood pressure P = .83, estimated glomerular filtration rate P = .86).
DISCUSSION
This is the first detailed study in a randomized controlled trial of the longer term effects of repeat antenatal glucocorticoids on risk factors for cardiovascular and metabolic disease. We found no evidence of adverse cardiovascular and metabolic function in children exposed to repeat dose(s) of antenatal betamethasone compared with those exposed to a single course of antenatal glucocorticoids. Specifically, exposure to repeat dose(s) had no effect on fat mass, insulin sensitivity, ambulatory blood pressure, and renal function, as well as several other measures of We are unlikely to have missed important clinical differences between groups because we used highly accurate and sensitive measures of physiologic function, including Bergman's minimal model, which is recognized as a gold standard measure of whole body insulin sensitivity, 41 and ambulatory blood pressure monitoring, which has superior tracking stability 42 and is more sensitive for end-organ changes 43 than standard clinic blood pressure. Similarly we measured fat and lean mass directly, both of which may independently contribute to the risk of metabolic disease. 44 Moreover, confidence intervals for these outcomes excluded physiologically important effect sizes. For example, elevation of childhood blood pressure by as little as 3 to 5 mm Hg may be associated with an increased risk of high blood pressure in adulthood. 39, 45, 46 However, our results excluded differences even as small as these. Similarly, pediatric groups at risk for insulin resistance (n = 27 to 50) have consistently shown reductions in minimal model insulin sensitivity of at least 30%, 34, 35, 47 and overweight adults were found to have an increase in mid-childhood fat mass of 20% to 30%. 32 However, confidence intervals in our study for the ratio of geometric means for insulin sensitivity and fat mass were narrower than these changes.
Given the limited capacity for experimentation in humans, randomized trials of antenatal glucocorticoid treatment provide a unique opportunity in which to investigate the role of glucocorticoids in disease programming. Small size at birth has been widely associated with an increased risk of cardiovascular and metabolic disease, 4 and fetal overexposure to glucocorticoids has been proposed as a potential mechanism. 5 This is supported by the known role of glucocorticoids in the regulation of fetal tissue maturation and growth 48 and the demonstration in animals that both fetal growth restriction and adult risk factors can be induced by administration of exogenous glucocorticoids 10, 49, 50 or by manipulations that increase placental transfer of maternal glucocorticoids, such as inhibition of placental 11-b-hydroxysteroid dehydrogenase type 2. 51, 52 In this study, children in the repeat dose group were likely exposed to elevated glucocorticoid concentrations for at least 2 to 3 weeks. The fact that there was no evidence of altered long-term physiologic function between treatment groups suggests that either glucocorticoids have a limited role in the programming of disease in humans or that a very prolonged or different timing of exposure is required. Although our control group was exposed to glucocorticoids before randomization, a single course of antenatal glucocorticoids has not been associated with increased risk of cardiovascular and metabolic disease in clinical trials, 6,7 Although there was no difference between treatment groups in size at birth in our study, studies in nonhuman primates have shown that programming effects can occur without effects on fetal growth. 8, 58 It is possible that our results were confounded by the fact that most children were born preterm, which itself may be an important programming stimulus, 34 but this does not alter the clinical relevance of our study.
A potential limitation of this study is that it was performed in a subset of the main trial cohort. However, our study population was regionally based, thereby minimizing possible bias due to variation in local practice. Overall, the characteristics of women and infants in the New Zealand arm of the trial were similar to those of the ACTORDS cohort as a whole. 2 We achieved a high followup rate, with 98% of surviving New Zealand children being traced at 6 to 8 years' corrected age. Although only 81% of children participated in the study, given the invasive nature of the tests, the proportion of children completing each investigation was high. Although children in the study had a higher incidence of respiratory distress syndrome than those not studied, exposure to repeat antenatal betamethasone was similar. The higher incidence of respiratory distress syndrome could be a marker for poorer outcomes, but other important baseline and neonatal prognostic factors were similar between those who were and were not recruited to our study. Therefore, we believe our results are likely to be reflective of both the New Zealand subgroup and the ACTORDS trial study population as a whole.
Although we studied a range of key risk factors for cardiovascular and metabolic disease, data were not collected on several variables, such as blood lipids and diet and activity levels, which may be permanently altered by the changes in the fetal environment. 59, 60 However, given that there was no effect on fat mass or insulin sensitivity in our study, it seems unlikely that any potential effects on lipid concentrations and energy intake and expenditure, if they did exist, would be of any clinical significance. 61 Children in our trial may have had less overall exposure to antenatal glucocorticoids than those in other trials that used higher doses of betamethasone or used it for longer in gestation. 22, 62, 63 Thus, some caution is required when applying our results to other treatment regimens. However, a recent report from 1 of these trials that exposure to repeat doses of antenatal glucocorticoids had no effect on blood pressure at 5 years of age is reassuring. 64 
CONCLUSIONS

